Although viral gene transfer is efficient in achieving transgene expression for tissue engineering, drawbacks of virus dissemination, toxicity and transient gene expression due to immune response have hindered its widespread application. Many tissue engineering studies thus opt to genetically engineer cells in vitro prior to their introduction in vivo. However, it would be attractive to obviate the need for in vitro manipulation by transducing the infiltrating progenitor cells in situ. This study introduces the fabrication of a virus-encapsulated electrospun fibrous scaffold to achieve sustained and localized transduction. Adenovirus encoding the gene for green fluorescent protein was efficiently encapsulated into the core of poly(ε-caprolactone) fibers through co-axial electrospinning and was subsequently released via a porogen-mediated process. HEK 293 cells seeded on the scaffolds expressed high level of transgene expression over a month, while cells inoculated by scaffold supernatant showed only transient expression for a week. RAW 264.7 cells cultured on the virus-encapsulated fibers produced a lower level of IL-1 β, TNF-α and IFN-α, suggesting that the activation of macrophage cells by the viral vector was reduced when encapsulated in the core-shell PCL fibers. In demonstrating sustained and localized cell transduction, this study presents an attractive alternative mode of applying viral gene transfer for regenerative medicine.
Introduction
Viral gene delivery remains one of the most efficient methods to achieve transgene expression for tissue engineering applications, although concerns regarding immune response to viral particles persist [1, 2] . Current viral gene therapy approaches in tissue engineering often involve the implantation of in vitro transduced cells with/without the use of scaffolds or hydrogels. Retrovirus, adeno/ adeno-associated virus and baculovirus are just a few examples of viruses researchers have used to achieve transgene expression in applications such as bone repair, cartilage regeneration and wound healing [1] [2] [3] . Pascher et al. implanted Ad-GFP modified mesenchymal stem cells in a cartilage regeneration model and found transgene expression lasted only for three weeks [4] . In general, the degree of success in viral gene delivery often depends on the types of cells and viruses used, the transgene construct, and the delivery method of cells or viruses. There are many scenarios where in situ presentation of the viral vector has clear advantages over introducing transduced cells. For instance, a recent study shows that AAV-Gdf5-loaded freeze dried tendon allograft accelerates the wound healing process and improves the extention of repaired metatarsophalangeal joint flexion [5] . Furthermore, the presence of transduced foreign cells can also induce strong inflammatory response and limits the success of the intervention. When genetically modified cells undergo necrosis, they might induce antigen-presenting cell (APC) maturation and the recruitment of T-cells against the foreign cells [6, 7] . These limitations, therefore, motivate the current study to revisit the issue of delivering viral vectors via polymeric carriers.
The application of polymeric carriers to deliver viral vectors has its share of successes and obstacles. Beer et al. are amongst the first to introduce the use of polymer microspheres to extend the delivery of adenovirus to brain tumor targeting. Although the double emulsion technique utilized might have damaged the virus bioactivity, the controlled release approach has significantly reduced the immunogenicity of the virus and therefore enhanced the effectiveness in gene transfer [8, 9] . In other carrier designs, adenoviral gene vectors dispersed in a fibrin scaffold exhibited a fast decrease in bioactivity, although the sustained release still lasted for 8 days [10] [11] [12] . Recent innovations in microencapsulation systems have enabled the transgene expression to last up to 7 weeks in animals injected with adenovirus-loaded microparticles [13] . An adeno-associated virus coated stent has shown transgene expression up to 28 days with a low level of virus dissemination [14] . In an material-based immobilization approach, viruses are tethered onto functionalized surfaces and reporter gene expression is limited to the vicinity of the designed area [15] [16] [17] [18] . In this study, we propose another novel encapsulation system, by using co-axial electrospinning to engineer a scaffold to efficiently and locally deliver viral vectors.
Electrospinning, a process where a high voltage gradient is applied to shear polymer solution into micro-to-nanoscale fibers, has become a popular and versatile technique for fabricating tissue engineering scaffolds. One of the many interesting features of electrospun fiber is its ability to provide topographical cues for the seeded cells [19] [20] [21] . To improve the biofunctionality of electrospun fibers, researchers have proposed co-axial electrospinning, a setup where an aqueous solution (often containing dissolved drugs or proteins) forming the inner jet was co-electrospun with a polymer solution forming the outer jet [22] [23] [24] . In our coaxial fiber design, we have previously incorporated low molecular weight polyethylene glycol (PEG, Mw 3,400) into the shell of the fibers to serve as a porogen for the controlled release of proteins from the core of the fibers [22] . The PEG porogen, after its rapid release, leaves behind pores on the scale of a few hundred nanometers, a size that is also feasible for the transport of most viral particles. PEG is also attractive in our proposed viral vector delivery design because of its lack of cytotoxicity and high solubility in both water and chloroform.
The potential of viral gene delivery through nanoporous co-axial electrospun fibers was investigated in this work. First generation adenovirus (E1/E3 deleted with CMV promoter) was chosen as the model virus because it is replication deficient and elicits immune reaction, properties contributing to transient transgene expression. Through a porogen-assisted release process from the electrospun fibers, we attempted to prolong and localize the transgene expression in cells within the immediate vicinity of the scaffold. Surface morphology changes on electrospun fibers as a function of porogen concentration were investigated through scanning electron microscopy. The influence of pore formation on the controlled release of adenovirus, the cell infectivity of the released virus and the proliferation rate of cells cultured on these scaffolds were studied using HEK 293 cells. The localization of cell infection was investigated through several different co-culture setups. Lastly, ELISA and scanning electron microscopy of macrophage cells cultured on virus-encapsulated fibers were performed to characterize, in a simplistic model, how macrophages might respond to a virus-encapsulated scaffold.
Materials and methods

Viral encapsulation via electrospinning
Poly(ε-caprolactone) (PCL, Mw -65,000, Sigma, USA) was dissolved at 10 % (w/v) in 75:25 (v/v) ratio of chloroform: ethanol. Poly(ethylene glycol) (PEG, Mw -3,400, Union Carbide Corporation, USA) was designated to be the porogen of interest, dissolved along with PCL in the solvent. Two types of adenovirus (type V, E1/E3 deleted, encoding for green and red fluorescent protein, respectively) were purchased from Vectorbiolabs, USA. Virus purification and quantitation kit (ViraBind™ Adenovirus Purification Kit and QuickTiter™ Adenovirus Quantitation Kit from Cellbiolabs, USA) were used to purify and quantify virus titer. Goat anti-adenovirus -fluorescein isothiocyanate conjugate (Fitzgerald Industries Internationals Inc, USA) was used at a dilution of 1:100 to label the encapsulated adenovirus. Minimum essential medium (MEM with Earl's salt and glutamine, Gibco, USA) supplemented with 10% fetal bovine serum (Mediatech, USA) and 1% penicillin/streptomycin was used as cell culture medium. HEK 293 cell proliferation was determined by using cell proliferation reagent WST-1 (Roche Molecular Biochemicals, USA) according to manufacturer's protocol.
Virus encapsulation was achieved via co-axial electrospinning. Viruses dispersed in Minimal Essential Medium (MEM) with 0.1% bovine serum albumin was used as the core solution and PCL dissolved in chloroform:ethanol was used as the shell solution. The two solutions were dispensed through two co-axially arranged needles and exposed to high voltage gradient (15 kV) between the needles and a designated ground. The voltage gradient would shear the dispensing solution into electrospun fibers with core-shell feature. Several electrospinning parameters were important to ensure efficient virus encapsulation: the distance to ground was kept at 10 cm, the needle diameters for core and shell solutions were 0.83 and 0.15mm, respectively, and the corresponding solution flow rates were set at 1 mL/hr (core) and 6 mL/ hr (shell). Viral particles (10 8 IFU/PFU/mL) were dispersed in 100 µL core solution, and electrospinning was continued until the core solution was completely encapsulated into the electrospun fibers. The electrospun product had a dimension of 1.5 cm × 10 cm strip, and cut into individual sample size of 1.5 cm × 1 cm (10 6 IFU/PFU/sample). The samples were sterilized overnight in phosphate buffered saline solution (PBS) with 25 µg/mL of fungizone and 10 U/mL of penicillin/streptomycin. Each scaffold was 100 µm thick and weighed approximately 5 mg. Fibrous scaffolds with different PEG concentration (0, 0.07, 0.7 and 7%) in the PCL solution were prepared under identical conditions. To verify that the adenovirus had been efficiently encapsulated and uniformly distributed in the fibers, the viral vectors (10 8 IFU/PFU/mL) were conjugated with anti-adenovirus-FITC (1:100 dilution) prior to encapsulation. The labeled viral vectors were filtered through a 0.45 µm filter and washed with PBS solution to remove excess amount of FITC solution. The viral particles were then eluted with 25 mM Tris buffer, and encapsulated as described.
Fiber Characterization by SEM and TEM
The two important physical characteristics of the co-axial fibrous scaffold in this study were the core-shell and nano-porous surface features. These fiber characteristics were examined by transmission and scanning electron microscopy (Hitachi HF-2000 and FEI XL30 SEM-FEG).
To illustrate an open core in the fibers under TEM, 1% w/v uranyl acetate in distilled water (Electron Microscopy Science) was encapsulated in the same conditions as the encapsulation of virus. The electrospun fibers were then mounted onto TEM grids directly and imaged. The core-shell feature of the electrospun fibers was also confirmed by freeze fracturing the fibers in liquid nitrogen, and mounting vertically for gold coating (thickness of 4 nm, Bal-Tec MED 020 sputter coater) and imaging under SEM. The changes in surface morphology of the fibers were studied as a function of different porogen concentration (0, 0.07, 0.7 and 7.0%). The scaffolds were incubated in PBS solution at 37°C, and at predetermined time points, removed from solution, dried under vacuum overnight and coated with gold prior to imaging under SEM.
Cell culture studies
HEK 293 cells (passage [17] [18] [19] [20] [21] [22] [23] [24] [25] were used as the model cell type and cultured in complete MEM solution. Controlled release kinetics of adenovirus and subsequent transduction efficiency were studied as a function of PEG concentration (0, 0.07, 0.7 and 7%) in the fiber formulation. Virus-encapsulated scaffolds (10 6 IFU/PFU/sample, n = 3) were incubated in 1 mL of medium at 37°C and 5% CO 2 . Controlled release of the adenovirus was studied by removing and replenishing the supernatant at predetermined time points (Day 7, 14, 21, 28 and 35). The viral titer in the supernatant solutions was determined by performing end point dilution assay. The percentage of cumulative virus release over time is estimated by dividing the cumulative amount of virus release determined by end point dilution assay over the initial quantity of virus loaded into the inner syringe. Since 100 µL of adenovirus (10 8 IFU/PFU/mL) solution was encapsulated into a 1.5 cm × 10 cm strip and the strip were then cut into 1.5 cm × 1 cm dimension, each sample was estimated to contain 10 6 IFU/PFU.
Cell transfection
Cell transfection from the released virus was performed by incubating 5 × 10 5 HEK 293 cells (n = 3) cultured on tissue culture grade polystyrene (TCPS) (Corning) with supernatant collected from virus-encapsulated scaffold. After an overnight incubation, the viral supernatant was replaced with regular medium and the culture continued for 7 days. The maximum estimated virus to cell ratio is 2 IFU/PFU/cell. Cell transduction rate was determined by flow cytometry (BD FACScan™ Flow Cytometer, BD Biosciences). At predetermined time points, cells were washed 3 times with phosphate buffered saline and trypsinized with 0.25% trypsin. The cells were placed in FACS tubes, centrifuged (5 min, 1000 rpm) and resuspended in 0.5 mL PBS. The percentages of GFP-expressing cells (excitation/emission wavelengths at 488 nm/520 nm) was determined by counting 10,000 cells in each measurement and averaged over three measurements. In a variation of the controlled release study, we evaluated how the virusencapsulated scaffold transduced cells seeded on the scaffold. Virus-encapsulated scaffolds (n = 3 for every time point) were incubated in medium and removed for cell seeding at predetermined time points (Day 1, 7, 14, 21 and 28). A suspension of 5 × 10 5 293 cells in 100 µL of medium was seeded onto the scaffold and incubated for 1 hour to allow cell attachment. The scaffolds were then transferred into new wells and cultured for 7 days. The cell seeding efficiency was approximately 80% in all conditions. At predetermined time points, cells were trypsinized off the scaffold with 0.25% trypsin and 100 µg/mL collagenase I for 1 hour. The isolated cells were then centrifuged, resuspended in 0.5 mL PBS and analyzed using flow cytometry as described above. A diagrammed schematic of cell culture procedure can be found in supplementary figure 1.
The cell proliferation rate on the virus encapsulated scaffolds was studied by culturing 5 × 10 5 293 cells on scaffolds (n = 3) produced with different formulations (0, 0.07%, 0.7%, and 7% PEG). A set of blank PCL scaffolds was used as positive controls. WST-1 proliferation assay was performed at day 2, 4, 6 and 9 (Roche Molecular Biochemicals). The absorbance levels of the supernatants were measured with a microplate reader (Fluostar optima, BMG labtech) at 450 nm and adjusted for the background absorbance of the medium. The reported WST-1 absorbance values of the 293 cells cultured on virus-encapsulated scaffolds were normalized to the value based on cells cultured on blank PCL scaffold at each time point.
Based on the cell infection studies carried out on cells seeded on the virus encapsulated scaffold, it was hypothesized that there could be a localized transfection effect when viral particles were encapsulated and slowly released from the fibers. The ability of the virus-encapsulated scaffolds to localize cell infection was then investigated in vitro through three culture configurations. In the first setup, scaffolds (0.7% PEG formulation) encapsulated with 10 6 IFU/ PFU, but without cells, were placed on a transwell membrane (3 µm pore size) with a monolayer of 5 × 10 5 cells cultured at the bottom of the well. The transwell configuration prevented direct contact of the virus encapsulated scaffold with the bottom cell monolayer. At day 5 the cells were trypsinized, resuspended in PBS and analyzed with flow cytometry for GFP-expressing cells. In the second setup, virus-encapsulated scaffolds were first seeded with 5 × 10 5 HEK 293 cells, then transferred to a 3 µm Transwell, and cultured with a monolayer of 5 × 10 5 HEK 293 cells at the bottom of the well. To examine if transfection would extend beyond the vicinity of the cell-seeded scaffold, the bottom monolayer of cells were trypsinized on day 5 and analyzed by flow cytometry. The third setup consisted of co-culturing two types of scaffolds (GFP-CMV-AV and RFP-CMV-AV, each with 10 6 IFU/PFU) separated by a Transwell membrane. 5 × 10 5 cells were seeded on each of the scaffolds and cultured for 5 days, at which point the scaffolds were fixed in 4% paraformaldehyde, counterstained for cell nuclei with DAPI (4´,6-diamidino -2-phenylindole, dihydrochloride, Invitrogen) and imaged with a fluorescence microscope (Nikon TEU2000), using excitation/emission wavelengths at 488/520 nm and 568/590 nm for cells transfected with GFP and RFP, respectively.
Activation of RAW 264.7 cells
RAW 264.7 cells were chosen as the model cell line for assessment of inflammatory cytokine production by macrophages towards the virus-encapsulated fibrous scaffold. RAW 264.7 cells were seeded on the virus-encapsulated scaffolds (10 6 IFU/PFU/mL of GFP-CMV-AV, in PCL and PCL/PEG 0.07% formulation fibers) at a concentration of 15,000 cells/cm 2 . On days 1, 3, 4 and 6, ELISA assays were performed on the medium supernatant. The cytokines analyzed included the pro-inflammatory cytokines IL-1 β and TNF-α (Peprotech, Rocky Hill, NJ) and the anti-viral cytokine IFN-α (PBL laboratories, Piscataway, NJ). The level of cytokine production was compared to macrophage cells cultured on TCPS exposed directly to 10 5 and 10 6 IFU/PFU/mL viruses and no virus negative control groups. In addition, the macrophage morphology was viewed using SEM for indication of inflammation. At day 6, the cell-seeded scaffolds were fixed in 4% paraformaldehyde, dehydrated serially in ethanol followed by hexamethyldisilazane (Sigma, USA), coated with 4 nm of gold and viewed under scanning electron microscopy.
Results and discussion
Uniform virus encapsulation and fiber surface features
This work introduces the use of co-axially electrospun fibers to create a tissue engineering scaffold that can achieve sustained, local, and efficient gene delivery to cells seeded on the scaffold. The relative flow rate of the core and shell solutions is a crucial parameter for successful encapsulation of the virus in the core-shell fibers. The optimal flow conditions for virus encapsulation are shown in Table 1 (Supplementary data). The success of virus encapsulation was evaluated by inspecting how the solutions were sheared into fibers and examining whether the FITC-labeled adenovirus particles were detectable in the fiber product. At a core/shell flow rate ratio under 2:1, no fibers could be produced, with only an aggregate formed at the needle tip. When the flow rate ratio was increased to 4:1, FITC-labeled adenovirus particles were encapsulated but there was noticeable phase separation in the polymer solution, an indication that the viral particle encapsulation process was less than optimal. As the flow rate ratio was increased to 5:1 and 6:1, there was no noticeable phase separation and the FITClabeled viral particles were uniformly distributed throughout the core of the fiber as detected by fluorescence microscopy. Further increase in flow rate ratio (greater than 8:1) reduced the virus concentration in the core as reflected in a decline of fluorescent intensity (data not shown).
The fiber core-shell features and the adenovirus virus distribution throughout the electrospun fibers are reported in Figure 1 . The freeze dried -fractured fibers and uranyl acetate encapsulated fibers show an average outer diameter ranging from 2 -3 µm, with the core diameter around 1 µm (Figure 1 A and B) . Figure 1 B contrasts the uranyl acetate encapsulated core-shell fiber (black arrow) with a control fiber (white arrow). Uranyl acetate acts as an electron dense agent to reflect the core feature of the fiber. As shown in Figure 1 C, FITClabeled adenoviruses are uniformly and efficiently encapsulated throughout the virusencapsulated fibers. Fibers encapsulating non-labeled virus do not display detectable autofluorescence. Virus-encapsulated fibers have similar size as those encapsulated with BSA or uranyl acetate.
To improve control of the release of the encapsulated viral vectors, this design takes advantage of the low molecular weight PEG porogen that can be uniformly dispersed into the polymeric solution, and is capable of leaching out of the fibers in aqueous conditions to create pores on the fiber surface. Incorporation of PEG at different concentrations into the fibers has an insignificant effect on the diameter of the fibers ( Figure 1E ) at day 0. At day 14, fiber produced with 7% wt/v PEG exhibit significant swelling (2 µm to 3 µm). Figure 2 shows the influence of porogen concentration on pore formation on the virus-encapsulated fibers. Previous work has shown that PEG at Mw 3,400 is rapidly released (100% in 5 days) from the shell of the electrospun fibers and is capable of creating pores on the scale of a few hundred nanometers [22] . In this study the change in surface morphology of the virus-encapsulated fibers in different PEG formulation (PCL, PCL/PEG 0.07%, PCL/PEG 0.7%, PCL/PEG 7% w/v) was followed over 30 days Fibers without porogen show no evidence of swelling, nor detectable change in surface morphology (Figure 2 A, E, I ). Fibers produced with the formulation of 0.07 and 0.7% PEG show clear pore formation starting at day 7 ( Figure 2 F and G) , as opposed to no pore formation on day 1 (Figure 2 
In vitro transduction by the virus-encapsulated fibers
To evaluate how well the virus-encapsulated electrospun fibers serve as a cell transducing scaffold, we focus on four parameters: controlled cumulative release of adenovirus ( Figure  3A) , cell transduction from scaffold supernatant ( Figure 3B ), cell transduction when seeded on the scaffold (Figure 3C) , and cell proliferation when cultured on the scaffold ( Figure 3D ). End point dilution assay based on the scaffold supernatant suggests that the controlled release of the adenovirus follows a PEG concentration-dependent trend. Close to 100 % of the adenovirus was released from the 7% PEG samples while the total amount release in the 0.07 and 0.7% PEG samples remained around 40% (Figure 3 A) . PCL scaffold without pores on the shell of the fibers shows negligible amount of virus released into the supernatant ( Figure  3A) . Different shell formulations (10% wt. PCL with 0, 0.07, 0.7 and 7% w/v of PEG) were studied to correlate pore formation with cell transduction ability.. When HEK 293 cells were exposed overnight to the scaffold supernatant, close to 90% cells were transfected in the first two weeks, followed by a drastic drop to 0% in subsequent weeks (Figure 3 B) . Lower transfection was seen in the 7% PEG vs. the 0.07% and 0.7% groups in the first time point (Figure 3 B) . PEGylation of adenovirus vector have been reported to cause a slight drop in transfection activity [25] , thus, it can be speculated that the polyethylene glycol rich condition may contribute to the drop in transfection efficiency. Transduction was only seen in the first week in the 7% PEG formulation, a finding that suggests a complete release of encapsulated viral particles might have occurred. In the 0.07% and 0.7% PEG formulations, higher transduction rates were maintained over a longer period of time compared to the 7% PEG formulation (gray square, Figure 3 B ). The non-porous virus-encapsulated PCL scaffold exhibited a low level of cell transduction throughout the culture period (Figure 3 B) . In all PEG formulations, the seeded cells expressed a high level of transgene expression for over 1 month (Figure 3 C) , while the non-porous PCL formulation had a minimal level of transgene expression. The higher levels of transgene expression of cells cultured on the virusencapsulated scaffold compared to cells transduced by the scaffold supernatant indicates that the viral vector delivery to the attached cells was more efficient. This is consistent with the reported superiority of substrate-mediated delivery of nonviral gene vectors to seeded cells [26] .
To determine whether the encapsulated virus would limit seeded cell growth, the proliferation rate of cells seeded on various PEG formulations was evaluated over 1 week using the WST-1 assay. The absorbance readings were normalized to the corresponding non-virus encapsulated PCL control (PCL blank). The results suggest a general trend of reduced cell proliferation in the virus-encapsulated scaffold compared to the PCL blank (Figure 3 D) .
Localized transduction from the virus-encapsulated scaffolds
The ability of the electrospun fibers to localize the cell transduction was evaluated through a set of co-culture experiments and characterization by flow cytometry. When virusencapsulated scaffolds (10 6 Cell transduction seems to occur locally to cells in close proximity to the fibers, as suggested by the drastic difference in transgene expression in the cells seeded on the scaffold (97% transfected) versus the monolayer culture (0.15% transfected) .The phenomenon was further investigated with an escalation of viral titer (10 4 to 10 7 IFU/PFU/scaffold). The cell transfection data suggest that the localized phenomenon holds true when the encapsulated viral titer is below 10 7 IFU/PFU/scaffold, at which point 70% the bottom monolayer is also transfected despite pre-seeding the scaffolds with cells (Figure 4 A) . This hypothesis was further tested by seeding cells onto two scaffolds, each encapsulating different viral vectors (Ad-CMV-GFP and Ad-CMV-RFP) and separated by a 3 µm Transwell membrane. Fluorescence microscopy images shown in Figure 4 B and C reveal that the cell transduction was specific to local release by the underlying fibers with very little cross transduction. There was no co-expression of the two reporter genes within the same cell, which would have been indicated by a yellow signal resulting from the co-localization of GFP and RFP). Together, these findings confirm the desired effect of localized cell transduction by virus-encapsulating scaffold.
Activation of macrophage by virus-encapsulated scaffold
As an in vitro model to estimate any alteration of acute inflammatory response to the viral vectors, macrophages (RAW 264.7 cells) were cultured on virus-encapsulated scaffold and evaluated for activation by studying their cell morphology and their corresponding inflammatory cytokine production. SEM images of the macrophages seeded on the PEG-incorporated fibers (10 6 IFU/PFU/mL/scaffold, 0.7% wt. PEG) indicate an activated macrophage, characterized by spread out morphology and ruffled edges (Figure 5 A) . In comparison, on a blank, non-porous PCL fibrous scaffold, the RAW 264.7 cell retains its inactivated, rounded native morphology (Figure 5 B) . To measure the phenotypic response of macrophage to viral presence, the pro-inflammatory cytokines (IL-1 β and TNF-α) and the anti-viral cytokine IFN-α were measured. All three cytokines secreted by the macrophages seeded on the virus-encapsulated scaffold (closed circle, Figure 5 C) are lower in magnitude compared to the cells exposed directly to the same titer of virus in the supernatant (triangle). In comparison, macrophages cultured on blank PCL fibers (diamond, Figure 5C ) show a baseline level of cytokine production. In this model, the findings suggest that the sustained release of the viral vectors reduced the level of acute inflammatory cytokine secretion compared to the freely dispersed viruses in the supernatant.
Co-axial electrospinning has been shown in this work to be an interesting approach to create a tissue engineering scaffold capable of prolonging and localizing cell transduction. The attractiveness of this design lies in its simplicity, that adenovirus is exposed to the cells only when pores are formed on the fiber surface, as opposed to dispersing the viral vectors throughout the scaffold. The co-axial electrospinning design is capable of reducing virus dissemination and its corresponding inflammatory cytokine secretion, as well as localizing the effect of viral transduction. The inflammatory cytokine production of RAW 264.7 cells only provides a rudimentary prediction of acute immune response to the scaffold. Future studies involving in vivo implantation will be needed to evaluate the potential benefit of reduced immune response due to sustained delivery of the viral vectors. The viral vectors chosen for this experiment provide a proof-of-concept. The pore-induced releasing technology should be even more promising for the newer generation of viral vectors that are more potent and less immunogenic [27, 28] . In summary, co-axial electrospinning offers a technology that encapsulate virus at very high efficiency, and is also capable of releasing viral particles locally to prevent uncontrolled systemic virus dissemination.
Conclusion
Co-axial electrospinning was shown to be an attractive technique to produce a tissue engineering scaffold designed to release viral vectors in a sustained and localized manner. The encapsulated viruses were uniformly distributed inside the core of the electrospun fibers and could be released in a porogen-assisted manner. Cells seeded on the virus-encapsulated scaffold exhibited transgene expression for over one month with a reduced proliferation rate. Co-culture studies of different virus-encapsulating scaffolds revealed localized transgene expression and little cross transduction. Macrophage cells cultured on the virus-encapsulated scaffold produced lower levels of pro-inflammatory and anti-viral cytokines compared to cells exposed directly to the adenovirus in culture, suggesting that fiber encapsulation may lower the level of inflammatory cytokine activation towards the controlled-release virus. Prolonged transgene expression, controlled virus exposure and localized cell transduction are several characteristics shown in this work that suggest virus-encapsulating co-axial electrospun fibers may advance viral gene transfer for regenerative medicine.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. 
